To establish an optimum surface protection system with silane type water repellents, experimental investigations were conducted for 2 kinds of water repellents that had shown good water absorption controlling effect in a previous exposure test in an actual structure carried out by the authors. The effects of the age of application of water repellents and the effects of the curing conditions before and after the application on the penetration depth of water repellents and the water absorption controlling effect were investigated for concretes of different mix proportions with four different W/C, of 35%, 42%, 50%, 65%. Furthermore, the specimens used for the water absorption tests were subjected to a weathering test to examine the durability of the water absorption controlling effect. In dry concrete, both water repellents showed a good water absorption controlling effect. While it is generally considered desirable that the water repellents be applied at an early age to obtain a better water absorption controlling effect, the authors propose that water repellents should be applied not too early for low W/C concrete, in order to ensure a penetration depth of at least 1 to 2 mm. The penetration depth and water absorption controlling effect are affected by the curing conditions before and after application of the water repellents. When the specimens with water repellents were subjected to a weathering test using a Xenon arc lamp for 98 days (equivalent to 2.8 years of weathering in Tokyo), no degradation of the water repellent layer was observed. Considering the experimental results in this study, an optimum surface protection system for newly constructed structures is proposed.
Introduction
It has been made clear that controlling water ingress from the surface of concrete structures will lead to improving the resistance of the structures against spalling of concrete due to steel corrosion (Ishibashi et al. 2002) , ASR, and deterioration due to chlorides. In 2005, JSCE published "Recommendation for concrete repair and surface protection of concrete structures" (JSCE 2005) , and therefore, water repellents are expected to contribute to control of water ingress from the surface of structures (Medeiros et al. 2008) . While water repellents have long been used, their performance has remarkably improved in recent years.
While reports about long-term durability of water repellents have been published (Ibrahim et al. 1997; Johansson-Selander et al. 2010; Liu et al. 2010; Troconis-Rincon et al. 2010; Vries et al. 1997) , they are few in number, and thus exposure tests of water repellents applied to actual structures were started in 2001 (Matsuda et al. 2004; Tsunashima et al. 2006) . Many kinds of water repellents were applied on the sound barriers of actual Shinkansen structures in Niigata Prefecture, which are subjected to very cold weather in winter and very hot weather in summer. Around 8 years have passed since these exposure tests started, and the 2 silane type water repellents used in this research are those that are still exhibiting good waterproofing performance in the exposure tests.
The penetration depth of water repellents and their water absorption controlling effect is affected by the moisture condition of concrete. So far, it has been believed that silane type water repellents should be applied when concrete is in a dry condition (JSCE 2005) . When water repellents are applied to newly constructed structures, the penetration depth of the water repellents and their water absorption controlling effect varies depending on the age of application, due to the large amount of free water contained in early-age concrete.
"Recommendation for concrete repair and surface protection of concrete structures" introduces the concept of "surface protection system". Even when the same water repellent materials are used, the total performances of the concrete cover will differ depending on the construction method and other factors. Therefore, appropriate specifications should be established to secure water repellent performance.
Based on the above, the objective of this study is to obtain fundamental data to establish an optimum "surface protection system" using silane type water repellents. The moisture conditions before the application of water repellents, the curing conditions after the application, the age of application, and the water to cement ratio are the main parameters in this research, and the penetration depth and the water absorption controlling effect are examined. Based on these experimental results, a "surface protection system" using water repellents is proposed for newly constructed structures.
Efforts to improve the durability of concrete structures with water repellents should include an examination of the durability of the water repellents themselves. In particular, silane type water repellents being organic materials, their resistance against ultraviolet ray degradation should be examined. In this research, the specimens used for the water absorption tests were subjected to a weathering test, and then the durability of the water absorption controlling effect was examined.
Experimental procedure
In this research, the performance of water repellents was evaluated through the penetration depth of water repellents and a water absorption test. The fabrication method of the specimens used for measuring penetration depth and the water absorption test were determined by referring to JSCE's "Recommendation for concrete repair and surface protection of concrete structures". Assuming possible conditions in actual construction, the effects of moisture conditions of concrete before the water repellent application, the curing conditions after the application, and the age of the concrete at the time of application were examined for concretes with four different water-to-cement ratios. Furthermore, the specimens were subjected to a weathering test after the water absorption test.
Materials and mix proportions of concrete
The materials used for the concrete and the mix proportions are listed in Tables 1 and 2 . Four W/C were used, namely 35%, 42%, 50%, and 65%. W/C of 35% and 42% were assumed to be those of prestressed concrete (PC) structures. Some of the concrete with 42% W/C was taken from an agitator at an actual PC bridge construction site, and was used to make specimens for this research. The rest of the concrete with 42% W/C and the concretes with W/C of 35%, 50%, and 65% were made in a laboratory. W/C of 50% was assumed to be that of normal reinforced concrete (RC) structures. W/C of 65% was assumed to be that in the surface area of RC members where the quality of concrete was rather poor due to construction factors.
Silane type water repellents used in this research
Among the water repellents evaluated in our exposure test in the actual structure, two silane type water repellents that had exhibited good performance (Tsunashima et al. 2006) were selected. The details of these water repellents are listed in Table 3 , along with the standard amount for application and the number of applications. The water repellents used in this study penetrate from the surface of the concrete to a depth of approximately 5 to 
Methods to make specimens
The specimens were made by referring to the "Recommendation for concrete repair and surface protection of concrete structures". 100*100*400mm prism concrete was placed and then kept in a room at 20±2°C and 55±5% RH until 4 days after placing. The forms were removed at the age of 4 days, and the prism concrete was cut into 100 mm cubes. After cutting, the cubes were kept in the room. Water repellents were applied on the cut planes of the cubes, and the remaining 4 planes were sealed with epoxy resin.
Curing condition of concrete and age of application of water repellents
All the parameters of this study are summarized in Table  4 . The curing conditions listed in this Table 4 are visually represented in Fig. 1 Our viewpoints are the moisture condition of the concrete before the application, the curing conditions after the application, and the age of Table 4 , the initial uppercase character of the name of each series (D: dry, W: wetting for 2 minutes) refers to the curing condition before the application, and the following lower-case character (d: dry, dw: drying/wetting repetition) refers to the curing condition after the application. Generally speaking, it is considered desirable to apply silane type water repellents for concrete in a dry condition. Different ages of application will mean different concrete microstructures and moisture conditions, but these effects have received scant investigative attention in the past. In this research, to establish a surface protection system for newly constructed structures, the ages of application were set as 7, 14, and 35 days.
In the case of the "wet" condition before the application, the specimens were immersed in water for 2 minutes only so as not to excessively affect hydration, as the authors wanted to investigate only the effects of the presence of water in the pores in the surface concrete on the penetration depth and water absorption controlling effect. This experimental condition was provided assuming the wet condition of surface concrete in actual structures due to raining, etc., before water repellent application. Figure 2 shows the weight loss after the application of water repellents (W/C = 50%). The difference of weight loss between the W-d and D-d series was investigated until the age of 50 days. The weight loss of W-d was larger than that of D-d, owing to the loss of the water absorbed during the two-minute immersion before the application. The weight loss of the specimens with water repellent AS was smaller compared to MR and the control specimens, indicating a smaller amount of water loss through evaporation from AS specimens into the air. Weight losses of all the specimens after around 28 days were almost the same, and the losses were very small at around 50 days. Based on these considerations, water absorption tests were started at the age of around 50 days. It is deemed that the moisture content of concrete hardly affected the results of the water absorption tests. In the case of the "dw" condition after the application, the specimens were subjected to repeated drying and wetting assuming the effects of rain. The repetition of drying and wetting was started 2 days after the application (at the age of 9 days). This consisted in soaking the specimens in water for 1 day and then drying them for 2 days, repeating this 4 times until the age of 21 days. Figure 3 shows the changes in weight during and after the drying/wetting repetitions. A positive value means absorption, and a negative value means moisture loss. As can also be seen in Fig. 2 , the specimens with water repellent AS had less weight loss. Weight loss having been confirmed to become almost nil from the age of around 50 days, water absorption tests were started at the age of around 50 days.
Measuring penetration depth
After the application of water repellents, the specimens were cured as described in section 2.4 for 14 days, and were then exposed to the air of the room for around 28 days. The penetration depth was measured at the age of around 50 days. The cube was split and water was sprayed on the split planes, on each of which the penetration depth was measured at 3 points where water was repelled. Thus the penetration depth was measured at 6 points in each specimen, and the average was calculated. The average penetration depth of 3 specimens was used in this research. In many cases, the penetration depth was larger near the edges of the specimens, which was due to the penetration of water repellent into the small gaps between the specimens and the epoxy sealing, and thus the penetration depths in those areas were not considered for measurement.
Water absorption test
In the water absorption test, the specimens were immersed in water at 20±2°C for 7 days, and the ratio of the weight of absorbed water to that of a specimen just before the absorption test was calculated as the absorption ratio. The average of the absorption ratios of 3 specimens was obtained. During the test, the specimens were spaced more than 30 mm apart, and 10 mm spacers were placed at the bottom of the specimens. Considering the effect of Age of concrete (days) Weight loss ratio (%) water pressure, the distance from the water surface to the top of the specimens was kept at around 30 mm. Water repellents were applied at the age of 7, 14, or 35 days, but the water absorption test was started at the same age of around 50 days.
Weathering test
In order to confirm the resistance of water repellents against ultraviolet ray degradation, a weathering test was conducted. The illuminance was 300-400 nm•60 W/m 3 , the temperature inside the testing chamber was 38±3°C (JIS K5600-7-7), and the R.H. was 50±5% (JIS A 1415).
The ultraviolet ray irradiation time in the weathering test should be converted to an exposure time in the actual environment. In this research, the carbonyl index (CI, an index for absorbance) was used for this conversion. The rate of oxidation reaction caused by ultraviolet rays is affected by both the intensity of ultraviolet rays and the temperature, and CI, which is an index of synergistic action that covers both factors, is therefore useful. Based on a reference (JIS 1986), irradiation for 90 hours with a xenon arc lamp was given a CI value of 1, because the experimental conditions (temperature and R.H.) in the reference and those in our study were almost the same. In a reference (JWTCS4002), the 1-year cumulative CI value for Choshi city (situated almost at the same latitude as Tokyo) was 9.3, which translates into 837 hours (90 hours times 9.3) of irradiation using a xenon arc lamp. Based on this idea, irradiation for 35 days in the weathering machine would be the equivalent of 1 year of exposure in Choshi or Tokyo. Table 5 lists the equivalent exposure times when specimens subjected to weathering tests were then subjected to the water absorption test.
In the water absorption test following the weathering test, the specimens were immersed in water only for 1 day, so that the specimens could be kept in the weathering machine for a longer time. As ultraviolet rays could be irradiated only onto one plane of the specimen, the other plane with water repellent was sealed with epoxy resin. Water was absorbed only from one plane. One of the examples of the water absorption test is shown in Fig.  4 , and the effect of the water repellents can be judged even in one day.
After starting the weathering test, in order to grasp the initiation and the development of deterioration, a water absorption test was conducted time-dependently. The first absorption test was conducted at 6 days (0.17 years in actual environment) after the start of the weathering test, the second was at 26 days (0.74 years), the third was at 47 days (1.34 years), the fourth was at 65 days (1.86 years), and the fifth and final absorption test was conducted at 98 days (2.80 years).
EPMA analysis
After the weathering test, three specimens with water repellents showed a slight increase in water absorption during the weathering test, as described in section 4.1. This degradation of the water repellent layer was investigated by EMPA analysis through the ingress of chloride ion. The 3 specimens were soaked in a 10% NaCl solution for 1 day, and dried for 3 days in a drying chamber at 40°C and 30% R.H. This was repeated 3 times for a total of 12 days. Figure 5 shows the results of the penetration depth (left axis) and water absorption ratio during 7 days (right axis) of the specimens to which water repellents were applied at the age of 7 days. For the penetration depth, the maximum and minimum values are also shown. All the results are for the D-d condition. Figure 6 shows the results of the penetration depth and water absorption ratio during 7 days of the specimens to which water repellents were applied at the age of 35 days. All the results are for the D-d condition.
Experimental results of water absorption tests and penetration depth 3.1 Penetration depth and water absorption for application of water repellents in dry condition
In all cases, penetration of water repellents was observed. Basically, the larger the W/C became, the larger the penetration depth that was observed. It seemed easier for water repellents to penetrate a coarse microstructure, and the penetration depth of AS was larger than that of MR.
The penetration depth of W/C 35% was larger than that of W/C 42% especially in Fig. 6 (application at 35  days) . The reason for this phenomenon will be explained in detail in section 3.2. In the case of W/C 35% and the application age of 7 days, the penetration depth of MR was very small, and in some local areas, no penetration depth was observed, so in actual construction, careful consideration is necessary.
Large variations in penetration depth were observed. Considering these large variations, specifications for the establishment of surface protection with water repellents should be designed. The authors propose that penetration depth of at least 1-2 mm should be secured.
In all cases, the specimens with either one of the water repellents showed less water absorption than the control specimens, indicating the water absorption controlling effect of the water repellents. Basically, the larger the W/C became, the larger the water absorption of control specimens that was observed. Especially when water repellents were applied at 7 days, the water absorption controlling effect was larger than when they were applied at 35 days, and the controlling effect on the amount of water absorption was greater for larger W/C. If an appropriate penetration depth can be secured, water repellents should be applied at an earlier age to obtain a better water absorption controlling effect.
The concrete with W/C of 42% taken at the construction site of the PC bridge showed less water absorption than the others. This may be due to a lower W/C of the actual mix proportion compared to the design value (42%). When the water absorption of a control specimen is too small, the water absorption controlling effect is difficult to observe, which is not a problem because in this case high resistance against water absorption can be expected even without water repellents.
Effects of the age of application
As pointed out in section 3.1, in the cases of low W/C (35%, 42%), the penetration depth tended to be larger when water repellents were applied at an older age. This can be seen clearly in Fig. 7 , which shows the effect of the age of application (W/C = 35%, D-d). Figure 8 shows the results (Kaneko et al. 2008 ) of numerical simulation (Maekawa et al. 1999 ) of changes in the amount of capillary pores of the specimen with W/C = 35% (D-d), and Fig. 9 shows the changes in saturation degree of capillary pores. After around 7 days, the saturation degree of capillary pores tended to increase, and the amount of capillary pores decreased due to hydration. This increase in saturation degree was due to the very dry condition of the capillary pores, which tried to take in moisture from the outside. Water repellents could also ingress easily into the dry surface of the concrete.
Based on the above discussions, it is proposed that water repellents should be applied not too early for low W/C concrete. Water repellents should be applied after the age of around 14 days to low W/C concrete (35%, 42%), so that larger penetration depth and sufficient water absorption controlling effect can be obtained.
For concrete with higher W/C (50%, 65%), water repellents should be applied at an earlier age to obtain much better water absorption controlling effect. Figure 10 shows the effects of curing conditions before and after the application for the cases with W/C of 42% (concrete taken from the PC bridge construction site). While penetration depths were not affected much by curing conditions, the coefficient of variety of AS became larger for the "W" case (immersed in water for 2 minutes).
Effects of curing condition
The water absorption controlling effect of AS was af- fected by curing conditions. The dry condition (D-d) showed the best water absorption controlling effect for AS. When the specimens treated with AS were subjected to wet conditions before or after the application, the water absorption controlling effect became worse. This was partly due to large variation of penetration depth. In some parts, almost no penetration depth was observed, which led to large absorption. The performances of MR seemed to be less affected by curing conditions. Figure 11 shows the effects of curing conditions before and after the application for the cases with W/C of 50%. Compared to the cases with W/C of 42%, penetration depths were larger. Wetting before or after the application made the penetration depth a littler shallower, and wetting before the application made the coefficient of variation larger in many cases. However, in all cases, sufficient penetration depth was secured.
Due to wetting, the absorption ratio of control specimens became remarkably smaller. The specimens with water repellent that were subjected to repeated drying and wetting also showed good resistance against water absorption. It can be said that in the cases of W/C 50%, wetting before and after the application do not have an adverse effect except for somewhat larger variation of penetration depth. Figure 12 shows the effects of curing conditions only before the application for the cases with W/C of 65%. Wetting for 2 minutes before the application did not negatively affect the penetration depth and water absorption controlling effect.
Experimental results of weathering test
From the results of the water absorption tests during the weathering test, the water absorption of the control specimens increased gradually, and the water absorption of some of the specimens with water repellent also showed a slight increase. As this may have been caused by partial degradation of the water repellent layer, the degradation was investigated in detail by EPMA analysis. Figure 13 shows examples of the weight changes of the specimens. The parts where the weight increases are the processes of water absorption. During irradiation with the xenon arc lamp, moisture in the specimens was lost due to drying, and therefore the weight at the start of a water absorption test was smaller than that at the start of the previous water absorption test. Figures 14, 15 , and 16 show the transitions of water absorption of the specimens of W/C of 42%, 50%, and 65%. Compared to the specimens with water repellent, the control specimens exhibited larger water absorption. During the weathering test, the extent of drying of the specimens became more pronounced, and therefore the water absorption of the control specimens gradually grew larger. The specimens with water repellent absorbed less water in the water absorption processes, as shown in Figures 14 to 16 , and thus the extent of drying should be much more pronounced compared to the control specimens. Based on these considerations, it can be said that the water absorption controlling effect was maintained sufficiently.
Results of water absorption test during the weathering test
Among the 72 specimens with water repellent, 3 specimens showed a gradual increase in water absorption (Figures 14 to 16) , although almost all the other specimen kept small water absorption. The water ab- sorptions of those 3 specimens were much lower than those of the control specimens, indicating that the degradation of the water repellent layer was not global but localized. EPMA analysis showed that the increase of water absorption was not due to the degradation of the water repellent layer, but due to the water ingress from a gap between the specimen and the epoxy resin sealing.
Results of EPMA analysis
The degradation of the water repellent layer was investigated in detail. If the water did not break the barrier formed by the water repellent layer, the performance required from the water repellents was satisfied in spite of a slight increase in water absorption. Figure 17 shows the 3 planes of the specimen (AS was applied at 35 days, W/C = 50%). Figure 18 shows plane 1. Penetration of water repellent AS can be clearly identified in the top area of this plane. In the right end area of this plane, intrusion of water repellent AS can be seen to have occurred through a gap between the specimen and the epoxy resin sealing. Figure 19 shows the profile of C and Cl on plane 1. It seems that water repellent AS can be identified by carbon. In Fig. 19 , Cl can be found especially on the right side. Judging only from this figure, it is not possible to determine whether the water repellent barrier was broken by Cl. Figure 20 shows the profile of Cl in plane 2 (75mm * 75mm). Plane 2 was 15 mm away from the surface where the water repellent AS was applied. The penetration depth of AS was greatest around 10 mm. Cl was identified beyond the water repellent barrier but only in the top right corner. EPMA analysis for plane 3 was conducted to determine whether Cl broke the water repellent barrier. Figure 21 shows the profiles of C and Cl in plane 3 (15mm * 15mm). Water repellent AS could be identified by carbon. On the other hand, almost no Cl was identified in the water repellent layer. From these analyses, it can be said that Cl did not break the water repellent barrier but ingressed through a gap between the specimen and the epoxy resin sealing.
Judging from the above EPMA analyses, it can be concluded that the water repellent layer was not deteriorated. The slight increase in water absorption during the weathering test was due to the ingress of water through the interface between the specimens and epoxy resin sealing. The water repellent layer can be stated not to have suffered deterioration from exposure to ultraviolet rays for a duration of 2.8 years in the actual environment in Choshi or Tokyo. The authors will further extend this weathering test. The interface between the specimen and the sealing material may be pointed out as a defect in water absorption tests in a severely dried condition.
Surface protection system for silane type water repellents
The "surface protection system" is defined as combined specifications including the methods and the extent, the materials used, the application conditions of substrate treatment, surface treatment, primer treatment, middle coating, final coating, application of water repellent, and rehabilitation of sections that affect the performances and the functions of the surface protection method (JSCE 2005) .
The performances of structures with surface protection methods should be verified directly, but in practice this turns out to be rather difficult. Therefore, the approach whereby the verification of the surface protection method is implicitly conducted through the verification of the construction procedures based on the surface protection system was proposed.
When silane type water repellents are used, the surface protection system will include substrate treatment, surface treatment, materials to be used, the methods of application of water repellent, and the curing after the application. The knowledge obtained in this study can be utilized to establish an optimum surface protection system for silane type water repellents.
The experimental conditions in this study assumed the conditions for newly constructed structures, and therefore no knowledge about substrate treatment and surface treatment was obtained. Past research found little influence of mold release agent on the penetrating depth and water absorption controlling effect. Therefore, for newly constructed structures, no special considerations about substrate treatment and surface treatment are necessary, and direct application of water repellent on the surface of structures just after mold removal is deemed acceptable. When a water repellent is selected, the performances required from that water repellent should be specified, and the durability of the material should be confirmed.
When the method of application is considered, an appropriate material that shows good adhesion to the structure, which is important for managing the amount of water repellent appropriately applied, should be selected.
The knowledge obtained in this study is mainly about the application conditions, including the age of the concrete when water repellent is applied. A proper grasp of the quality of the substrate concrete is of particular importance. Different methods should be provided to obtain the best water repellent performance, according to the microstructure and the moisture condition of the substrate concrete. In the case of newly constructed structures, it is rather easy to grasp the quality of the substrate concrete based on the W/C in design, although the quality of the concrete cover might be affected by the construction procedures.
The conditions of application including the age of the concrete at the application of water repellent should be decided after the performances required from the water repellent are clarified. In this research, penetration depth and water absorption controlling effect were examined. It was found that in some cases the construction method for the largest penetration depth differed from the method to obtain the best water absorption controlling effect. The performance required first for the water repellent is the water absorption controlling effect, not the penetration depth. Therefore, the application conditions should be selected to maximize the water absorption controlling effect. In some cases, those conditions will not be the best ones to obtain the largest penetration depth. A penetration depth of at least 1-2 mm should be secured.
The results of the weathering tests in this study showed that the water absorption controlling effect was not deteriorated. The durability of the water absorption controlling effect will be further investigated through exposure tests of actual structures.
Conclusions
To establish an optimum surface protection system with silane type water repellents, experimental investigations were conducted for 2 kinds of water repellents that had shown a good water absorption controlling effect in an exposure test in an actual structure done by the authors.
For concretes with 4 kinds of mix proportions (35%, 42%, 50%, 65%), the effects of the age of the application of water repellents and the effects of the curing conditions before and after the application on penetration depth and on water absorption controlling effect were investigated. Furthermore, the specimens used for water absorption tests were subjected to weathering test, and then the durability of water absorption controlling effect was examined.
The following findings were obtained from this study. (1) In dry concrete, both water repellents showed a good water absorption controlling effect. Especially when water repellents were applied at 7 days, the water absorption controlling effect was greater compared to application at 35 days. If appropriate penetration depth can be secured, water repellent should be applied at an earlier age to obtain greater water absorption controlling effect. Penetration depth of at least 1-2 mm should be secured. (2) Based on the experimental results, it was proposed that the water repellents should be applied not too early for low W/C concrete. The water repellents should be applied to low W/C concrete (35%, 42%) after the age of around 14 days, so that larger penetration depth and a sufficient water absorption controlling effect can be obtained. According to the investigations by numerical simulation, the larger penetration depth was obtained due to the very dry condition of the capillary pores, which tried to take in moisture from outside. For concrete with higher W/C (50%, 65%), it is proposed that water repellents be applied at an earlier age to obtain much greater water absorption controlling effect. (3) The penetration depth and water absorption controlling effect were affected by the curing conditions before and after the application. Especially in the case of low W/C (42%), wetting before or after the application resulted in a shallower penetration depth. (4) A method to convert the duration of the weathering test into an equivalent exposure time in an actual environment was proposed. When the specimens with water repellent were subjected to the weathering test with a xenon arc lamp for 98 days (equivalent to 2.8 years of exposure in Tokyo), no degradation of water repellent layer was observed. (5) Considering the experimental results of this study, especially with regard to the age of the application of water repellent and the curing conditions before and after the application, an optimum surface protection system for silane type water repellents for newly constructed structures was proposed. The performance required first from water repellents is the water absorption controlling effect.
